Electroluminescence ͑EL͒ consisting of three bands at 500, 600, and 760 nm, respectively, is observed from the 30 nm SiO 2 implanted with Ge ions at low energies. The EL intensity under either constant-voltage or constant-current injection is significantly enhanced by higher implant energy. It is shown that the EL enhancement is partially due to the enhanced current conduction as a result of the change in Ge distribution. The external quantum efficiency also increases with implant energy. The phenomenon is attributed to the increase of implant-generated luminescence centers in the oxide, which is supported by the stopping-and-rangeof-ions-in-matter simulation of defect generation. SiO 2 thin film embedded with Ge nanocrystals ͑nc-Ge͒ has attracted a lot of interest due to its ability to produce visible photoluminescence and electroluminescence ͑EL͒.
SiO 2 thin film embedded with Ge nanocrystals ͑nc-Ge͒ has attracted a lot of interest due to its ability to produce visible photoluminescence and electroluminescence ͑EL͒. [1] [2] [3] [4] [5] [6] Among various techniques of fabricating luminescent nc-Ge/SiO 2 thin films, ion implantation is promising because of its good control over the nc-Ge distribution and its full compatibility with the mainstream Si technology. 4 In most of the previous studies, Ge-ion implantation has been carried out at high energy ͑75-350 keV͒, and the SiO 2 thickness is in the range of a few hundred nanometers. [4] [5] [6] However, for practical EL applications, a thinner Ge-implanted SiO 2 film is required to achieve a lower operation voltage; hence, lower implant energy should be used. Nevertheless, there is no systematic study on the dependence of the EL on the implant energy. In this study, metaloxide-semiconductor-like ͑MOS-like͒ light-emitting structure with a thin SiO 2 film ͑30 nm͒ embedded with nc-Ge is fabricated by a low energy ͑2-8 keV͒ Ge-ion implantation technique. Dependence of both the EL intensity and external quantum efficiency on the implant energy is investigated.
SiO 2 thin films ͑30 nm͒ were thermally grown on p-type ͗100͘ Si substrates using dry oxidation at 950°C for 1 h. Ge ions with a dose of 2 ϫ 10 15 cm −2 were implanted into the SiO 2 thin film at energies of 2, 4, 6, and 8 keV, respectively. The implanted samples were then annealed at 800°C for 1 h in N 2 ambient to induce the formation of nc-Ge by the precipitation of excess Ge ions in SiO 2 . 7 The depth profiles of Ge in SiO 2 after annealing were measured by the secondary ion mass spectroscopy ͑SIMS͒. To form the MOS-like light emitting structures, the indium tin oxide ͑ITO͒ electrodes with a radius of 1.2 mm and a thickness of 130 nm were deposited on the SiO 2 thin-film surface by sputtering. The wafer back contact was formed by the deposition of a 250 nm aluminum layer. The current conduction behaviors were measured using a Keithley 4200 semiconductor characterization system, and the light-emission measurement was carried out with a Dongwoo Optron PDS-1 photomultiplier tube detector and a Dongwoo Optron DM150i monochromator. All characterizations were performed at room temperature. Figure 1a shows the depth profiles of Ge in SiO 2 obtained from the SIMS measurement. A Gaussian-like distribution of Ge in SiO 2 is observed for all the samples. As the implant energy increases from 2 to 8 keV, the Ge distribution becomes broader, the location of Ge peak shifts toward the Si substrate, and the Ge peak concentration reduces from 3.0 ϫ 10 21 to 1.6 ϫ 10 21 cm −3 ; however, the implanted Ge atoms are still confined in the SiO 2 layer. The formation of nc-Ge is confirmed by the transmission electron microscope measurement, which has been reported elsewhere. 8 Note that although the Ge peak concentration decreases with the implant energy, the Ge concentration in the SiO 2 region near the Si substrate increases due to the broadening of Ge distribution. It will be shown later that the change in Ge distribution affects the current conduction.
All of these MOS-like light-emitting structures exhibit visible EL at room temperature with a forward bias voltage ͓i.e., a negative gate voltage ͑V GATE ͔͒ applied to the ITO gate. Figure 1b at V GATE = −15 V. A broad EL spectrum peaked at ϳ600 nm can be clearly observed regardless of the implant energy. The EL is believed to be originated from the radiative recombination of electron injected from the ITO gate and holes injected from the p-type Si substrate via the luminescence centers located in the Ge-implanted thin film. 6, 9 The defects created during the ion implantation 4 and the Ge oxide existing in the Ge-implanted SiO 2 film 10 can act as the luminescence centers. Although the EL spectra of different implant energies are similar in shape, their intensity strongly depends on the implant energy. As shown in Fig. 1b , the EL intensity is significantly enhanced by using higher Ge implant energy. For example, the EL intensity of the 8 keV sample is about two times that of the 6 keV sample, while the 6 keV sample shows the EL intensity of ϳ40 times stronger than the 2 keV sample. Figure 2 shows the gate current density ͑J GATE ͒ as a function of V GATE for all the samples. It is observed that the current conduction is enhanced as the implant energy increases. To explain the current conduction behavior, the distribution of nc-Ge in the SiO 2 thin film must be taken into account. On the basis of the SIMS profiles shown in Fig. 1a , the 30 nm Ge-implanted SiO 2 thin film can be virtually divided into the following two regions: ͑i͒ the nc-Ge distributed region with a large amount of nc-Ge close to the gate electrode and ͑ii͒ the region without nc-Ge or with a very small amount of nc-Ge close to the Si substrate. In the first region, because there is a large amount of nc-Ge distributed in the oxide, the electron tunneling or hopping from one nc-Ge to its adjacent nc-Ge occurs easily and, thus, the current conduction in this region is very good. In contrast, in the second region, because the nc-Ge concentration is very low or if even there is no nc-Ge, the conduction is very poor. Therefore, when a voltage is applied to the oxide, most of the oxide voltage will be dropped in the second region. Under a negative V GATE , electrons and holes are injected from the ITO gate and the Si substrate, respectively, by Fowler-Nordheim tunneling or direct tunneling. The injected electrons and holes can be easily transported by the nc-assisted tunneling or hopping in the first region. However, the carrier transport is limited by the second region because the conduction in this region is poor. With higher implant energy, the first region expands while the second region becomes narrower, and thus, the current conduction is enhanced. As a result of the enhancement in current conduction, more electrons and holes are injected into and transported in the nc-Ge/SiO 2 layer, resulting in a stronger EL intensity under constant voltage injection.
Although the enhancement of current conduction with higher implant energy leads to an increase in the EL intensity under constant voltage injection, it cannot explain the EL enhancement under constant current injection. As discussed below, the enhancement in quantum efficiency is another important factor responsible for the EL enhancement. The normalized external quantum efficiency ͑EQE͒ for different implant energies under either constant voltage injection or constant current injection is calculated, and the result is shown in Fig. 3 . As shown in the figure, for both constant voltage injection and constant current injection, the EQE increases with the implant energy. Obviously, the enhancement in current conduction cannot explain the increase of EQE with the implant energy.
The increase of EQE with implant energy is attributed to the creation of more defect-related luminescence centers in the oxide by the ion implantation. It is found that the EL spectra for all the samples can be decomposed into three EL bands, including the dominant band at ϳ600 nm, and two shoulder bands at ϳ500 and ϳ760 nm. Figure 4a shows a typical Gaussian peak deconvolution of EL spectrum. The dominant band at ϳ600 nm ͑ϳ2.1 eV͒ is attributed to the nonbridging oxygen hole centers ͑NBOHCs͒. 11, 12 The band at ϳ500 nm ͑ϳ2.5 eV͒ could be related to the Si dangling bond centers, which produce the 2.4-2.6 eV luminescence. 6, 13 The band at ϳ760 nm ͑ϳ1.6 eV͒ could be due to the luminescence centers related to Ge oxide existing in the Ge-implanted SiO 2 film. 10 It has been reported that a considerable amount of Ge oxide is formed in the Ge-implanted SiO 2 film due to the Ge-ion implantation.
14 Figure 4b shows the integrated intensity for each luminescence band as a function of the implant energy under constant current injection at J GATE = 0.57 A/cm 2 . The enhancement in the intensity of all three EL bands can be observed as the implant energy increases from 2 to 8 keV. Among the three EL bands, the dominant 600 nm band shows the strongest enhancement, while the 500 nm band shows the lowest enhancement. The results indicate that the creation of all the three types of luminescence centers increases with the implant energy, and the increase in the creation of NBOHCs plays the dominant role in the overall EL enhancement.
The increase in the creation of luminescence centers with the implant energy is explained as follows. The defects including the NBOHCs and Si dangling bond centers and the luminescence cen- The amount of luminescence centers created should be proportional to the number of displacement events that occur when the transferred energy from the implanted ions is greater than the displacement energy during a collision event. 15 The total number of displacements in the host matrix caused by the ion implantations can be obtained from the stopping-and-range-of-ions-in-matter ͑SRIM͒ simulation.
15 Figure 5 shows the depth profiles of the number of displacements for various implant energies. As shown in Fig. 5 the total amount of displacements in the Ge-implanted SiO 2 is larger for higher implant energy, suggesting the increase in the creation of luminescence centers with the implant energy.
Conclusion
Ge-implanted SiO 2 thin films produce three EL bands at 500, 600, and 760 nm, respectively. The EL intensity is significantly enhanced by higher implant energy. The enhancement in EL intensity is partially due to the enhanced current conduction in the oxide. The external quantum efficiency also increases with the implant energy, which is attributed to the increase of implant-generated luminescence centers in the oxide. 
